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Abstract

Purpose of Review This paper provides a reader who has little
to none technical chemistry background with an overview of
the working principles of lithium-ion batteries specifically for
grid-scale applications. It also provides a comparison of the
electrode chemistries that show better performance for each
grid application.

Recent Findings Two of the main causes driving the growth
of stationary energy storage technologies are the increasing
environmental regulations that promote a high penetration of
non-dispatchable generation and policy changes in the elec-
tricity markets that benefit the profit of fast response energy
resources such as a battery. The combination of these two
factors is drawing the attention of investors toward lithium-
ion grid-scale energy storage systems.

Summary We review the relevant metrics of a battery for grid-
scale energy storage. A simple yet detailed explanation of the
functions and the necessary characteristics of each component
in a lithium-ion battery is provided. We also discuss the chem-
istries currently used for cathode and anode materials.
Discussed will be the trade-off of several materials with
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respect to cost, thermal stability, cyclability, environmental
friendliness, and other important characteristics to be consid-
ered for grid applications. This paper also discusses the
commercial availability of lithium-ion batteries for grid-scale
storage and presents some of the containerized battery storage
solutions available in the market.
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Introduction

According to the US Department of Energy (DOE) energy
storage database [1], electrochemical energy storage capacity
is growing exponentially as more projects are being built
around the world. The total capacity in 2010 was of 0.2 GW
and reached 1.2 GW in 2016. Lithium-ion batteries represent-
ed about 99% of electrochemical grid-tied storage installations
during the first quarter of 2016 [2]. The International
Renewable Energy Agency (IRENA) predicts a worldwide
battery storage capacity of 150 GW by 2030 [3]. A report from
Greentech Media research [2] estimates that the battery
installed capacity in the USA will grow to 2.1 GW by 2021
and only the US market will be worth 2.9 billion USD. China
is the second largest market for battery storage, after the USA,
with a predicted market size of 8.5 billion USD by 2025 [4].

One of the main forces driving the growth for grid-scale
energy storage systems in the market is the environmental
regulations that has led to higher penetration of non-
dispatchable generation (e.g., wind and solar power). For
example, in California, electric utilities were required to pro-
cure 1.325 GW [5] of energy storage by 2020 in preparation
for increasing the share of renewable electricity to 33% by
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year 2020 and 50% by 2030 [6]. The contributing factor to the
growth of batteries in particular is that the Federal Energy
Regulatory Commission (FERC) requires power market oper-
ators to distinguish high-quality reserve providers and com-
pensate them accordingly [7, 8]. In particular, batteries are fast
and efficient in following regulating reserve signals, which
makes them an ideal choice for such services in electricity
markets.

Lithium-ion batteries have been getting much attention
among rechargeable batteries, given their high round trip
efficiency close to 99%, no memory effects, long cycle life
withstanding thousands of cycles [10+, 11], and large energy
densities up to 200 Wh/kg [9], compared to 50 Wh/kg on lead-
acid batteries [10+]. They also have lower degradation at par-
tial state of charge compared with lead-acid batteries [12]. It
has been the investments on research for non-stationary appli-
cations, mainly by the electric car industry, that has brought
lithium-ion batteries to be technically and economically an
attractive battery option, even for grid-scale applications.
Lithium-ion batteries have the highest energy densities with
respect to both weight and volume, of all commercially avail-
able secondary batteries. The high energy density of Li-ion
batteries is due to the low molecular weight and low redox
potential of lithium [13¢]. The low weight of Li-ion batteries
makes them especially attractive for portable devices such as
cell phones and digital cameras. They are increasingly replac-
ing lead-acid batteries and have been the choice of major
electric vehicle manufacturers including Tesla Motors,
Nissan, Chevrolet, BMW, Toyota, and Ford Motor [9].

The Electricity Storage Handbook published by Sandia
National Laboratories [14] identifies and describes the services
energy storage can supply to the power system, such as energy
time shift, supply capacity, regulation reserves, voltage support,
and transmission upgrade deferral. Batteries that can provide
those services can be sorted into two categories, high energy
and high power densities [15]. Batteries with high energy rate
can discharge a moderate amount of power during a long period
of time. These are useful for energy arbitrage, supply capacity,
transmission and distribution congestion relief, and black start.
Batteries with high power rate can discharge a large amount of
power for a small period of time, which can be used for frequen-
cy regulation and voltage support.

For the batteries to be useful in the power system, they need to
be paired with a Battery Management System (BMS) and a
Power Conversion System, also referred to as Power
Conditioning System (PCS) to form a complete electric energy
storage system. To control and operate the energy storage system,
the BMS and PCS must be in constant communication. In order
to be able to supply the needed power levels for grid-scale appli-
cations, several battery cells need to be arranged into modules
[15-17]. Generally, batteries suffer from capacity fade, which
could be increased if the battery is exposed to extreme operation
conditions that include overcharging, discharging beyond a safe

@ Springer

level, applying a charge rate greater than the designed, and going
beyond cut-off voltages [15, 16]. Furthermore, battery capacity
could be wasted if the cells within a module are not charged
evenly; i.e., whenever one cell of the module is fully charged,
the module has to stop charging, leaving the rest of the cells in a
partial state of charge. Likewise, when a cell reaches its
discharge limit, the module must stop discharging, leaving un-
used energy in the rest of the cells [16]. A BMS is needed to
monitor the safe operation of each module of batteries and to
balance the charge within the cells of the modules.

The PCS is the intermediary device connecting the batteries
with a direct current (DC) operation and the grid operating in
alternating current (AC). In order to be able to use the power
being delivered by the batteries, this needs to be converted and
synchronized with the grid’s frequency, so it can act as a syn-
chronous generator. Likewise, the power needed for charging
the batteries needs to be converted from AC to DC [18]. The
PCS regulates the power flow between the batteries and the
grid [19]. The power rating of the PCS defines the maximum
power the energy storage system can deliver [20]. The power
electronics on the PCS are able to take signals from the grid
and respond on sub-cycle time scales [19].

There are different batteries suitable and commercially
available for grid-scale energy storage, including advanced
lead-acid batteries [21], flow batteries [22], and sodium-
sulfur batteries [23]. This paper focuses on the lithium-ion
battery component of an energy storage system. This paper
does not discuss BMS nor PCS. We will be focusing on
aspects that matter the most in stationary, large-scale, grid
applications. Observe that different services require different
attributes; for example, if a battery is meant to be the power
source of a car, weight and volume are important features to
consider. However, if the battery will be sitting on a substa-
tion, weight and volume may not always be that important. In
the section ‘Working Principles of Lithium-Ion Batteries’
we review the working principles of a Li-ion battery. The
chemistries used for its elements and their attributes are ana-
lyzed in the section ‘Elements of a Li-lon Battery’. The sec-
tion ‘Discussion’ encloses the discussion where we rank the
commonly used chemistries and present their availabilities in
the market. Finally, the “Conclusions” section has the
conclusion of the paper.

Working Principles of Lithium-Ion Batteries

A lithium-ion battery constitutes an anode, a cathode, an
electrolyte, a separator, and current collectors. Schematics of
a lithium-ion battery is shown in Fig. 1.

Electrochemical cells convert electrical energy into
chemical energy and vice-versa. In Li-ion batteries, when
the cell is being charged, the lithium ions flow from the cath-
ode to the anode where they are stored. When the cell is being
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Fig. 1 Schematic of a lithium-ion battery

discharged, lithium ions disassociate from the anode move to
the cathode through the electrolyte and electrons are carried by
the external circuit to do useful work.

The anode is the negative electrode, and since electrons
leave the battery through the anode, it must be a material with
high electronic conductivity and large cycling capacity.
Graphite is typically used; the most common kind of graphite
used in Li-ion batteries is mesocarbon microbeds, also known
as MSMB [24].

The cathode is the positive electrode; it must be able to
accept and release lithium ions and electrons. Cathodes are
usually made of a lithium metal oxide that can undergo oxi-
dation when lithium is removed. A common composition is
LiMO,, (M = cobalt (Co), nickel (Ni), or manganese (Mn)).

The electrolyte is the means of transportation for the Li-ions
between the electrodes during the charging and discharging
cycles; therefore, it has to be a good ionic conductor and elec-
tronic insulator. Typically, electrolytes consist of a lithium salt
solution in an organic solvent; the most popular one is lithium
hexafluorophosphate (LiPFs) with ethylene carbonate-
dimethyl carbonate (EC-DMC) [25].

The separator is a membrane separating anode and cathode
and it is the host of the electrolyte. Its function is to prevent a
short circuit between anode and cathode but allowing the lith-
ium ions to flow during the charge and discharge cycles [26].

The current collectors as the name suggests collect the
electrons flowing to and from the battery through an external
circuit. They must be made of a material that is stable at the
operating voltages of the electrodes. They are usually made of
aluminum and copper for the cathode and anode, respectively
[27].

For the typical lithium-ion battery chemical configuration,
the chemical reaction is expressed as follows [26].

6C + LiMO,=Lig 5Cs + Lig sMO»

The energy and power rating of a battery are delimited by
the composition and characteristics of its electrodes and elec-
trolyte materials [28]. The energy storage capacity of a battery
depends on the number of active components the electrodes

can stock, and the power capacity is a function of the surface
area of the electrodes and the internal resistance of the battery.
However, energy and power ratings are dependent on each
other [29]. This energy-power relation is expressed with the
C-rate, which represents the rate at which a battery is charged
or discharged relative to its maximum capacity. Furthermore,
energy density depends on the chemistry of the battery while
power density depends on the kinetics and design of the cell
[30]. Thin electrodes can provide high power densities, and
thick electrodes yield high energy densities [10e, 30]; thus,
batteries can be designed to deliver high power or high energy,
but not both [31].

The improvement in energy density over the past 10 years
is due to progress in battery construction technologies.
However, this is expected to saturate within a few years, and
thus, other innovations are going to be needed [32¢°].
Using cathodes that exhibit higher voltages is one approach;
however, operating at higher voltages (above 4V vs Li") in-
creases the likelihood of unwanted chemical reactions that
lead to the degradation of the electrolyte and a reduction in
the number of charging cycles.

Other approaches to improve performance of lithium-ion
batteries are doping, nano-structuring, and coating of elec-
trodes. Doping is the introduction of other particles to the
main composition of an electrode material. Depending on
the attribute that wants to be enhanced and the original com-
position of the electrode, different particles can be doped to
obtain the desired operating voltage, capacity, and cycling
performances.

Nano-structured electrode materials have shown to
improve battery performance due to short ion diffusion
length, better mechanical robustness, and high surface areas
with lots of active sites, since a large surface area increases
the contact between electrolyte and electrode for the reaction
[28, 33e, 34, 35].

Coating is covering the electrode with a different element
to take advantage of the attributes that element provides to the
battery. It can be used to increase safety acting as a physical
barrier between cathode and electrolyte, preventing the oxy-
gen release and therefore reducing fire hazard [33e, 36].
Carbon is a common particle to coat electrodes with since it
increases electrical conductivity [28].

Elements of a Li-lon Battery

In this section, we provide a more detail overview of the four
main components of a Li-ion battery. There are several alter-
native chemistries for electrodes. Those alternatives are meant
to improve the performance of Li-ion batteries one way or
another. Thus, we first discuss performance attributes for a
battery and then review the most commonly used chemistries
on Li-ion batteries for grid-scale applications.
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Electrochemical Performance Attributes

There are a number of attributes that need to be understood in
order to explain alternative battery chemistries. Those attri-
butes include theoretical capacity, cycling stability, thermal
stability, capacity fade, electronic conductivity, lithium stor-
age capacity, and wettability. Even though improving these
attributes would enhance the performance of any battery, they
are especially important for grid-scale applications, since large
amounts of power and energy need to be stored.

Theoretical capacity is the amount of energy that ideally
can be withdrawn from an electrode if using all of its active
material. It defines the maximum limit of a battery’s energy
capacity; it is usually measured in milliampere hours per gram
[37]. A large theoretical capacity increases the energy density
of the battery.

Cycling stability is the capacity a material has to accept and
release lithium ions repeatedly without major changes in its
physical structure, over-heating or losing other electrochemi-
cal properties. This attribute becomes more critical as the size
of the battery increases.

Thermal stability is the temperature range a material can
hold before decomposing, corroding, or starting to experience
uncontrolled chemical reactions; for electrode materials, this
could lead to fire and explosions. Regarding separators, ther-
mal stability is the ability to maintain its original shape and
porosity at high temperatures. The safety of the battery is
highly dependent on the thermal stability of its elements.

Capacity fade is a rate of how fast the capacity decreases
after a certain number of cycles. Capacity retention is the
opposite rate, meaning how much of its initial capacity is held
after a certain number of cycles. Capacity fade on the
electrodes is directly related to the cycle life of a battery.

Electrical conductivity is the ability of a material to effec-
tively transport electrons. Likewise, ionic conductivity is the
ability of a material to effectively transport ions, lithium ions
for the purpose of lithium batteries.

Lithium storage capacity shows how many lithium ions can
be accommodated within the anode’s structure [37]. A large
lithium storage capacity yields high energy density batteries.

Wettability is the amount of electrolyte the separator and
the electrodes can absorb. Higher wettability is better for
battery’s kinetics, since electrolyte is the transportation means
of lithium ions.

Cathode Materials

Most of the research on Li-ion batteries is being conducted to
find a material that is low in cost, shows improved cycling
performance, has good thermal stability, and leads to high
energy and power densities [38]. Particularly, thermal stability
is a big concern when selecting cathode materials given that

@ Springer

heat generation on the cathode is three to four times greater
than that of the anode [36].

There are three kinds of materials commonly used as cath-
odes on lithium-ion batteries, namely layered lithium transi-
tion metal oxides, lithium manganese oxide spinels, and lith-
ium transition metal phosphates [36].

Layered lithium transition metal oxides are the preferred
choice for the cathode in lithium-ion batteries, since they have
high energy densities when cycled under high voltages and
show high cycling efficiency given their crystal structure
[33<]. However, this kind of materials show a high capacity
fade when used or stored at high temperatures, due to
chemical reactions with the electrolyte [36].

Lithium manganese oxide spinels have low cost, are envi-
ronmentally friendly, and show excellent safety characteristics
and high power capability. However, they can be corroded in
acidic electrolytes. When paired with a graphite electrode, the
manganese (Mn) migrates from cathode to anode, especially
at high temperatures [36].

Lithium transition metal phosphate have a stable discharge
platform, high thermal stability, and moderate discharge ca-
pacity [33¢]; however, most of them have low electronic
conductivity.

The first commercial Li-ion battery was introduced by
Sony in 1990, using a LiCoO, cathode [39, 40]. Since then,
LiCoO, has been widely used in batteries for many applica-
tions. Although LiCoO, presents good characteristic for a
cathode material, there has been extensive research into the
optimum chemistry for cathode materials that can supply all
the characteristics needed for each of the applications given to
batteries [41]. To date, the three most common layered lithium
transition metals used for lithium-ion batteries cathodes are
cobalt, nickel, and manganese. However, the main interest of
today’s research is on lithium manganese oxide spinels and
lithium transition metal phosphates [32¢¢]. Some of the com-
monly used cathode chemistries for grid-scale batteries are
discussed below.

Lithium Nickel Oxide

Lithium nickel oxide (LiNiO,) is a commonly used cathode; it
has a practical capacity of about 156 mAh/g while its theoret-
ical capacity is 275 mAh/g [42] and a voltage of 4.2 V [43]. It
shows 20% higher energy density than LiCoO, [41]. It has a
good cycling stability [43]. It is also fairly friendly with envi-
ronment and not a costly material compared to LiCoO, [44].
However, it is less stable than LiCoO,, is difficult to manu-
facture, and has low thermal stability. Also, its structure is not
ordered, which leads nickel ions to occupy places in the lith-
fum sites, what impedes the insertion and extraction of lithium
ions [43, 44]. A way to overcome this issue is by adding cobalt
to LiNiO, to increase the order in the structure [41]; however,
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this also increases the cost. Coating LiNiO, with a cobalt-
manganese mix improves its capacity retention [41].

Lithium Nickel Manganese Cobalt Oxide

Combining Ni, Mn, and Co at equal ratios forms lithium nick-
el manganese cobalt oxide (Li[Ni,Mn,Co]O,) which has a
high practical capacity of 170 mAh/g and can operate at a
voltage around 3.8 V vs Li* [41]. It has good cycling stability;
however, capacity decreases as the discharge rate increases.
Aluminum can be doped into Li(Ni,Mn,Co)O, to increase its
rate capability [41]. This material is well suited for high volt-
age batteries [33¢] and it is a safe cathode for large-scale bat-
teries [42]. A variation of lithium nickel manganese cobalt is
LiNiy ¢Cog,Mng ,0, which has attracted attention given its
high capacity of 170 mAh/g due to large Ni content and low
cobalt content which makes it less harmful to environment
[42]. Liu et al. [45] coated LiNig Cog>Mng,0, with lithium
disilicate (Li,Si,0s) to increase its rate capability and cycling
performance.

Lithium Iron Phosphate

Lithium iron phosphate (LiFePO,) has been widely used as a
cathode because of its environmental friendliness and its long
cycle life. Also, the decrease in capacity after cycling is lower
than that of LiCoO, and Li(Ni,Mn,Co)O, [41, 46]. It has a
high capacity of 170 mAh/g, has a flat voltage profile around
3.5V, and does not release oxygen, which makes it a safe
material to use with better thermal stability [26, 47].
Batteries using LiFePO,4 have shown to retain 95% capacity
after 1000 cycles [12]. Tests conducted by Kim et al. [48]
yield the results shown in Fig. 2.

On the other hand, its electronic conductivity is low [41],
but it has been proven that this can be undermined by carbon
coating the cathode [28]. Carbon-coated LiFePO, has the
right qualities to be used in batteries for high-power

Fig. 2 LiFePO, battery voltage 4
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applications, but it is not as appropriate for high energy
applications [26, 41]. Another good coating option for
LiFePOy, is tin (Sn), which prevents the dissolution of iron
(Fe) in LiPF4-based electrolyte [49].

Another way to improve electrochemical performance is to
nano-structure LiFePO, particles [49]. Nano-structured
LiFePO, demonstrated improved safety and higher stability
during long-term cycling [50] and, especially when carbon
coated, showed super capacitor-like discharge rates [51].

Anode Materials

The anode composition and electrochemical properties are of
fundamental importance for the performance of a battery; the
features needed for an anode material to be effective are high
electronic conductivity, low working potential, high cycling
stability, and low volume change during lithium insertion and
extraction [52].

Something to take into consideration when choosing the
anode material is that when voltages are lower than the reduc-
tion potential of the electrolyte; a thin layer of electrolyte
reduction products is formed on the anode’s surface. This film
is called solid electrolyte interface (SEI) [53]. Even though
SEI works as a Li-ion conductor and a protective coating to
prevent anode corrosion, uncontrolled SEI formation repre-
sents a safety risk, especially in large batteries [28, 52, 53].
Some of the commonly used anode materials are described
below.

Graphite (C)

Regarding conductivity, cycling stability, and energy density,
graphite is the first choice for anode material on lithium-ion
batteries [48]. However, its thermal stability when lithiated is a
safety concern [36]; also at high discharge rate, crystallized
lithium may accumulate on the surface, which could break
through the separator and cause a short circuit [13¢]. Also,
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many materials, such as transition metals, have larger lithium
storage capacities than that of graphite, which is 372 mAh/g
[50].

An approach to improve electrochemical performance of a
graphite anode is to treat it with molybdenum oxide to get
graphite with pores and channels that facilitate the diffusion
of lithium ions. These pores can also accommodate the vol-
ume changes during charging and discharging processes.
Deng and Zhou [54] proved that this modified graphite anode
has longer cycle life than regular graphite anodes, even at rates
of 5 C.

Given their low voltages, carbonaceous anodes tend to
form SEI [28]; capacity fade is attributed to the loss of active
lithium during the formation of SEI [48]. The latest work on
graphite anodes focuses on the addition of additives to stimu-
late the formation of an artificial and stable SEI; the trade-off
of'these additives is the increase of the impedance, making the
cells less suitable for high-power applications [36].

Using transition metal oxides with a carbon coating on the
anode is a common practice since they exhibit higher capacity
and higher discharge rate than graphite, and the carbon coating
increases the electric conductivity [55]. Also, silicon (Si)- or
tin (Sn)-based anodes are an excellent choice for high energy
density batteries [36].

Silicon Compounds

Currently, silicon (Si) is one of the most promising anode
materials. Researchers have focused on lithium alloy anodes
such as SiO,, mainly because its theoretical capacity of
4000 mAh/g is much larger than that of graphite and compa-
rable to that of elemental Li [26]. The downside of using
silicon is its poor electronic conductivity [56] and its volume
change up to 300% during charge-discharge process [57],
which leads to the disintegration of the anode and therefore,
the failure of the battery [26, 53]. This problem can be solved
by modifying the morphology of the anode. Song et al. [28]
proposed that pores in silicon particles act as a buffer to reduce
the volume changes during lithium insertion and extraction. It
has been proven that carbon coating silicon helps improve the
cycling stability and the formation of stable SEI layers [57].
However, gas generation is increased with higher surface area
due to amplified reactions with the electrolyte [36].

Forming composites with carbon, metals, or conductive
polymers and nano-structuring are common practices to
improve electrochemical performance of silicon [56].

Fukata et al. [58] synthesized a silicon iron (Si-Fe) nano-
composite, which showed higher capacity than graphite an-
odes and better cycling stability than pure Si electrodes; the
higher capacity was given by the silicon and the longer cycle
life by the iron component of the compound. Polat and Keles
[52] mixed copper (Cu) with silicon (Si) to create an anode
material with increased electron pathways, and longer cycle
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life due to copper absorbing the volume change of silicon
during cycling. Furthermore, the presence of copper on the
anode increases the adhesion to the current collector, usually
made of copper, leading to longer life. Huang et al. [56] used a
cobalt nano-sheet to enhance the electron conductivity and
stabilize the silicon anode, getting a discharge capacity of
approximately 2400 mAh/g after 100 cycles.

Lithium Titanate

Lithium titanate (Li4Ti5O,) is considered a high safety anode
material; even though when compared to graphite, it has a
lower capacity of 170 mAh/g and higher voltage level of
1.5 V. LiyTisOy, is still considered a viable anode material
given its low volume change of less than 1%. The fact that it
does not react with organic electrolytes, thus, no SEI is
formed, and that it has a high thermal stability making
Li4TisO;, an excellent option for large-scale battery anode
material [26, 28, 59, 60]. However, it has poor electronic con-
ductivity and low lithium-ion diffusion coefficient [13¢]. To
overcome these issues, many strategies have been researched,
one of them is nano-structuring, which has proved to increase
rate performance; however, it might affect the cycling stability
by increasing reactivity with electrolyte [13¢]. When
LiyTisO,, particles are nano-structured, it shows a high dis-
charge capability of 227 mAh/g at 1 C and 120 mAh/g at 20 C
after 50 cycles [61].

Mu et al. [62] incorporated sucrose, which is a type of
sugar, as a carbon source to enhance LiyTisO1, performance,
coming up with a composite with higher electronic conduc-
tivity and smaller particle size. This compound showed
remarkable performance at high charging rates as high as
60 and 80 C with capacities of 98 and 82 mAh/g respectively
after 200 cycles. Liu et al. [60] made a composite with
graphene, which on top of the regular advantages of
Li4TisO;, showed an excellent rate capability of 108 mAh/g
after 1000 cycles at a rate of 10 C. Results are shown on Fig. 3.

Electrolyte

Electrolytes have a direct impact on the electrochemical
performance of a lithium-ion battery, as they serve as
lithium-ion transportation means. Also, the safety of a battery
is related to the interaction between electrolyte and electrode
materials [63]. The electrolyte selection for a battery
depends on the chemistry of its electrodes, because if the
cathode’s potential is not compatible with the electrolytes’
electrochemical window, the electrolyte would be decomposed;
by using more stable electrolytes, decomposition can be
avoided [32¢¢].

The most common electrolyte material today is LiFPg or-
ganic carbonate solution. Some concerns about this material’s
performance are the narrow electrochemical stability domain,



Curr Sustainable Renewable Energy Rep (2017) 4:197-208

203

19

Charge

Voltage (V)

Discharge
1.4

— 100th cycle

= 1st cycle

0.9
-10 10 30 50 70 90 110 130 150

Specific Capacity (mAh/g)
Fig. 3 LiyTisO, battery voltage profile on Ist and 100th cycles [60]

which keeps cathode voltages low; its high flammability,
which affects safety since when overheated, the LiFPg¢ elec-
trolyte could easily catch fire; and the fact that it is a toxic
material. Researchers are trying to overcome these issues by
enhancing thermal stability through additives, such as flame
retardant, and the use of redox shuttles to avoid overcharge
and lithium salts to decrease the toxicity of the electrolyte
[26]. All these hazardous conditions increase with the size of
the battery, which makes it unsuitable for grid-scale energy
storage systems [64]. Constructing non-flammable electro-
lytes with high anodic stability, good lithium-ion conductivity,
and that can form stable SEI is key to being able to produce
powerful large size lithium-ion batteries [33e, 63, 65].

Electrolyte composition also has a direct influence on SEI
formation. When LiFPg is used, the SEI is primarily made of
LiF, which reduces the capacity of the battery by absorbing
lithium [64]. Some additives have been studied to form stable
SEI on the electrodes to prevent further decomposition; these
additives include phosphides, sulfonate esters, monomers,
carboxyl anhydrides, fluorine-containing compounds, and
some special ether carbonates [33¢].

An emerging class of electrolyte is that of molten salts,
called ionic liquids. These are non-toxic, non-flammable,
non-volatile, highly conductive and exhibit a wide tempera-
ture stability [26]. Tonic liquids could be made of
organosilicon compounds, hydroflouroethers, or phosphates.
The latter seem to be an excellent fire retardant because of
their low viscosity and high solubility [65].

Another kind of electrolyte are the solid electrolytes, which
have many advantages over liquid ones, such as higher energy
density and flexible geometry, which can also solve problems
such as dissolution of transition metals, electrolyte decompo-
sition, and lithium dendrite growth [66]. Solid electrolytes
also do the function of the separator; however, because of
their low ionic conductivity, they are limited to high-energy
batteries that charge-discharge slowly [36, 67]. Solid

electrolytes are the most promising candidates for high-
temperature lithium-ion batteries [68, 69].

Separator

Even though the separator is not directly involved in the
battery’s chemical reactions, it plays a major role in its perfor-
mance, especially in the security of lithium-ion batteries; since
it keeps the cathode and anode from short-circuiting. The sep-
arator must be chemically compatible with the electrolyte and
electrode materials [70]. The separator also accommodates the
electrolyte and must provide appropriate channels for Li-ion
transportation [57, 70]. Porosity and pore size are important in
electrolyte uptake by the separator [40]. Wettability is an im-
portant feature given that most of the separator materials are
not ionically conductive [70]. Another desired feature of sep-
arators is high temperature withstand capacity, so deformation
does not occur when operated under extreme conditions [70].

Batteries with thin separators tend to have lower resistance,
therefore higher densities. On the other hand, thick separators
have better mechanical strength, thus are safer [70].

Discussion

Given the price decrease on supplies and manufacturing pro-
cesses for lithium-ion batteries, there is a large number of
companies offering Li-ion-based solutions. All companies
are betting on different chemistries trying to find the balance
between performance and cost. Some companies are adopting
the strategy of specialization on certain chemistry for a specif-
ic application in order to dominate a market niche (Table 1).

A comparison of the products being offered by some of the
active companies in grid-scale energy storage systems is listed
in Table 2. It is worth noting that all the companies’ products
offer scalability as well as custom designs for specific needs a
client may have.

It can be noted on Table 2 that Li(NiMnCo)O, is the most
popular cathode material, and graphite is the more widely
used anode material. It is well known that batteries are de-
signed to serve a specific purpose; thus, the chemistry and
morphology of the electrodes should be selected accordingly.
In this section, we compare and rank the electrode materials
used on the available products, with respect to their perfor-
mance on grid-scale applications.

Table 1 classification of materials according to application
Application Cathode Anode
High power LiNiO, LisTis045
Balanced LiFePO4 Graphite
High energy Li(NiMnCo)O, SiO,
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Table 2  List of commercially available containerized solutions

Company name Chemistry (cathode/anode) Cycle life Voltage range (V) Standard offer ~ High energy
(MW/MWh) or high power
BYD [71] LiFePO,/graphite 80% @ 1C after 3000 cycles 380480 AC 0.05/0.06 Energy
0.25/0.25 Energy
0.5/0.25 Power
NEC [72] LiFePOy/graphite 80% @ 1C after 7000 cycles 750-1050 AC 4/4 Energy
2.8/2.8 Energy
1.2/1.2 Energy
2/0.575 Power
Kokam [73] Li(NiMnCo)O,/LisTisO 80% @ 4C after 4000 cycles 640-1100 DC 15.1/3.66 Power
80% @ 1C after 10,000 cycles 10.6/2.58 Power
5.4/1.31 Power
2.7/0.65 Power
3.5/3.41 Energy
2.6/2.5 Energy
1.3/1.25 Energy
Samsung SDI [74] Li(NiMnCo)O,/ Graphite 80% @ 1C after 6000 cycles 768-996 DC 0.0839/0.168 Energy
154-200 DC 0.109/0.218 Energy
774-1004 DC 0.168/0.168 Energy
141-183 DC 0.199/0.199 Energy
750-992 DC 0.36/0.12 Power
136-180 DC 0.426/0.142 Power
LG Chem [75] Li(NiMnCo0)0O,/SiO, 80% @ 1C after 4000 cycles 714-1000 DC 4/1.68 Power
1/4.32 Energy
2/4.21 Energy
2/0.7 Power
12 Energy
Saft [76] LiNiO,/graphite 70% @ 0.33C after 10,000 cycles  609-812 DC 0.9/0.62 Energy
588-790 DC 0.5/1.02 Energy
609-812 DC 1.1/0.58 Power
609-812 DC 1.6/0.42 Power
588-790 DC 2.1/0.95 Power
Enerdel [77] Li(NiMnCo)Oy/hard carbon 85% @1C after 3000 cycles 720-1200 DC 0.345/0.094 Power
360-600 DC 0.151/0.101 Energy
Tesla [78] Li(NiMnCo)O,/graphite 80% @ 1C after 3650 cycles 380480 AC 0.05/0.21 Energy

The relevant attributes that are particularly important for
grid-scale applications are cost, cycle stability, theoretical ca-
pacity, and operating voltage, for both electrodes. In addition to
those, for the cathode, thermal stability and environmental
friendliness are considered and for the anode, electrical conduc-
tivity and volume change are important. To be able to compare
the chemistries, all the values have been normalized on a scale
from one to five, being five better for battery performance.

The cost comparison was made reviewing the prices for
battery grade materials on the market [79]; in order to be
consistent with the used scale, the materials with high costs
get a one and the cheaper ones get a five.

@ Springer

Cycling stability of the electrodes is the attribute that has
the most influence in defining the battery’s cycle life; since
large initial investments are needed for grid-scale systems,
replacement of the batteries must be delayed as long as
possible.

Theoretical capacity sets the upper bound on the amount of
energy the material is able to store.

A battery with a high open-circuit voltage is able to provide
more power. Therefore, it is desired for the cathode to have a
high voltage vs Li" and for the anode to have a low voltage vs
Li*. The difference in voltages between cathode and anode
defines the voltage of the battery.



Curr Sustainable Renewable Energy Rep (2017) 4:197-208

205

For the cathode materials, thermal stability is especially
important, since uncontrolled reactions could lead to fire and
explosions, especially in large batteries. Thermal stability on
the cathode is related to the safety of the battery.

Environmental friendliness is also related to safety, as how
hazardous to the environment each material is and how easy it
is to dispose each material after the battery’s end of life.

On the anode side, electrical conductivity is important
given that electrons leave the battery trough the anode. It is
related to the charge-discharge rate the battery is rated at.

When the battery is being charged, the anode must accept
lithium ions into its structure. If the anode’s material does not
have a buffer to store these ions, it will naturally increase in
volume, leading to reduced cycling life and safety of the
battery.

Figure 4 shows a comparison of the relevant attributes of a
cathode for grid-scale applications. LiNiO, is the cheapest
among the compared chemistries and it has the highest volt-
age, but it falls short on the rest of the attributes compared.
Given its high voltage, it is a good option for high-power
applications. Li(NiMnCo)O, has a high theoretical capacity
and moderate voltage level, it is on the middle range regarding
cost, and it has good thermal stability and cycle life. This is a
well-balanced material when a cost-benefit analysis is made,
since it provides a really good performance at a moderate cost.
LiFePQy, is a well suited chemistry for grid-scale applications,
given its good thermal and cycling stability and environmental
friendliness, which make LiFePO, a safe material for large-
scale batteries. It also has a high energy capacity and moderate
voltage level. However, it is more expensive than the other
materials.

Figure 5 shows a comparison of the relevant attributes of an
anode for grid-scale applications. Li4TisO;, has a good cycle
stability and low volume change; however, its voltage is high,
its electrical conductivity is low, and its theoretical capacity is
low compared to the other materials. Despite this, for applica-
tions where lifetime and safety are more valuable than energy
density, using a LisTisO;, anode is a good option. SiO, has an
excellent theoretical capacity and good voltage level and is
very cheap. However, it suffers a tremendous volume change,
which also affects its cycling stability and has low electrical
conductivity. This anode material is good for high energy
applications with low cycling frequency. Graphite seems to
be the most appropriate material for grid-scale batteries; it
has good electrical conductivity, low volume change and

Fig. 4 Cathode attribute
comparison. High numbers are
better for battery performance.
Note that cost has an inverse logic

LiFePOy

1

voltage level, and a moderate theoretical capacity and cycle
life. Even though graphite is the most expensive material, the
rest of its attributes make up for it to be the most used anode
among commercially available grid-scale energy storage
systems.

Even though all materials described above can be used for
power or energy applications, Table 1 shows a classification in
terms of better material performance given an application.

Conclusions

Every day, it becomes more evident the growing need for a
flexible and sustainable but still reliable electric power system.
These characteristics can be achieved by including grid-scale
energy storage in the system. Among electrochemical storage
technologies, lithium ion is getting the most of the attention
given its superior performance and the huge research effort by
the electric vehicle industry. Grid applications can be
categorized in high energy or high power. Depending on the
chemistry of its components, Li-ion batteries can show a better
performance for different applications on the grid. The most
common uses given to batteries are frequency regulation, time
shift, and reserve capacity; these uses can be staked together to
get more economic value from the battery and thus make grid-
scale battery storage more attractive to investors.

The anode, cathode, and electrolyte account for most of the
electrochemical characteristics of a cell, having that the energy
storage capacity depends on the features of the electrodes and
electrolyte, and the power rating depends mainly on the elec-
trodes’ morphology and their chemistry. Three common
methods for improving electrode performance are coating
the electrode with a different material, doping other particles
into the electrode and nano-structuring the electrode.
Depending on the desired outcome, the selection of method
and element to use varies.

For grid-scale applications, a battery with a LiFePO, cath-
ode, improved either by doping or carbon coating paired with
an enhanced graphite anode, seems like the most promising
combination of electrodes that could yield a strong but yet
flexible battery.

As the market for containerized grid-scale energy storage
systems continues to grow, more companies will be willing to
compete in it; thus, more options will become available and
prices for lithium-ion batteries will become more competitive.

LiNiO,
! |
0 5 10 15 20 25
/= Cost(1=high 5=low) E= Thermal stability(1=low S5=high) = Cycle stability(1=low S5=high)
[ Environmental friendliness(1=low 5=high) T Theoretical capacity(1=low 5=high) BBl Voltage vs Li*(1=low 5=high)
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Fig. 5 Anode attribute
comparison. High numbers are
better for battery performance.
Note that cost and volume change
have an inverse logic

Li4Ti5042
Si0Oy
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